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Abstract 
A Tailor-Welded Blank (TWB) is obtained by welding together sheets of same or different metals of different thicknesses to 
produce a single blank prior to subjecting it to a forming process. Some of the notable benefits of TWBs include decreased part 
weight, reduced manufacturing costs, increased environmental friendliness, and improved dimensional consistency. Designers 
nevertheless need to overcome the difficulty faced in the forming of TWBs due to material property changes in the two parent 
metal sheets, in the weld and heat affected zone of the weld. The purpose of the present work is to study the effect of changing 
thickness ratio on formability characteristics of TWBs made of aluminium and two different steels. Aluminium (AA6016-T4) 
blank sheet was combined with two high strength steels (HSLA-340 and DP600) with three thickness ratios(Steel/Al) of 1.0, 1.25 
and 1.5 to form 6 different combinations. Rule of mixtures method is used for measuring the properties of laser weld metal in 
tailor welded blanks. The simulation results indicate that the weld line displacement tends to increase with the increase in the 
thickness ratio. 
© 2014 The Authors. Published by Elsevier Ltd. 
Selection and peer-review under responsibility of the Gokaraju Rangaraju Institute of Engineering and Technology (GRIET). 
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1. Introduction 
Automakers are constantly searching for innovative means of reducing vehicle weight and manufacturing costs in 
order to meet ever-restricting fuel economy standards while remaining economically competitive. A promising 
opportunity to meet these requirements is through the use of TWBs. TWBs are blanks where multiple sheets of 
material are welded together prior to the forming process. The differences in the material within a TWB can be in 
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the thickness, grade or coating of the material. Various studies have been carried out in the past to study the effect of 
changing thickness ratio on the weld line movement. (Choi et al. 2000)conducted experimental analysis using TWBs 
with two thickness combinations, 0.8t*1.2t and 0.8t*1.6t and using SPC1 sheets. (Moo et al. 2001)studied the effect 
on weld line movement with and without various circular drawbeads. Recently, Joining of dissimilar materials has 
been given much attention in recent years due to their superior functional capabilities. One promising combination 
isof aluminium with steel due to its vital application in aerospace and automotive industries (Kusuda et al. 1997), 
(Raymond et al. 2004), (Schubert et al. 2001). Aluminium alloys are potential materials for light weight components 
due to their good mechanical properties, formability, corrosion resistance and low density. Steels have an edge over 
other metals in the forming and welding characteristics. Aluminium has good strength to density ratio, good 
formability characteristics and is light in weight. Steel has good formability characteristics and strength. Hence, the 
use of aluminium–steel tailor-welded blanks (Al–steel tailor-welded blanks) can be exploited in producing 
components such as car door inner panel (Schubert et al. 2001), where rigidity at the hinge portion and lightweight 
at other portions is a necessity.  Despite their numerous benefits, forming of dissimilar material TWBs is 
challenging and various difficulties are faced. The thinner, weaker material in the TWB may undergo more 
deformation than the thicker, stronger material in the forming area. This is visually evident in the movement of the 
weld line towards the thicker material, which can lead to tearing failure in the thinner material. 
In the published literature on the finite element (FE) analysis of the formability and springback of TWBs, most of 
the analyses have been based on simplified models that neglect either weld geometry or properties. In the current 
study, the weld region has been taken into account. The calculation of the weld properties is made based on the 
assumption that the weld properties are uniform. The rule of mixture has become a commonly used method to 
determine the average properties of welds (Chung et al. 2010), (Abdullah et al. 2001).  (Oliveira et al. 
2008)conducted finite element simulations of Al- steel TWBs for four different combinations and used rule of 
mixtures method to describe the material behavior of the weld line. In the present investigation, the properties of the 
base materials and the weld are the taken from this work. 
In the present work, results from the deep drawing simulations and analysis of thickness combinations of Al-steel 
TWBs are presented. Major objectives are focused on finding the formability, distribution of thickness strain and 
weld line movement of TWBs with three thickness ratios of 0.8, 1.0 and 1.25. Conducting such numerical studies 
provides a useful insight on formability of TWBs which may be extensively used in automobile and aircraft 
structures. 
2. Finite Element Simulation 
Simulation of stretch forming of parent materials and the two types of tailor welded blanks was done by using a 
commercially available finite element software LS-DYNA (an explicit dynamic FE solver which is used to solve 
dynamic, non-linear large deformation events and processes including quasi-static sheet metal forming problems). In 
this investigation, two steels namely, DP600 and HSLA-340 were combined with aluminium (AA6016-T4) to 
represent Al-steel TWBs. For each material combination, three thickness combinations, 1.0t*1.0t, 1.25t*1.0t and 
1.5t*1.0t, were used to secure information on the thickness effect.  
 
The material properties of the materials under consideration are listed in Table 1, where ܧ is the Young’s modulus, 
଴ܻ is the yield stress, ݊ and ܭ are the material properties according to the Swift power type isotropic work-hardening 
equation: 
ߪ ൌ ܭሺߝ଴ ൅ ߝ௉ሻ௡          (1) 
Where ߪ is the equivalent tensile stress, ߝ௉ is the equivalent plastic strain andߝ଴ ൌ ሺ௒బ௄ሻ
భ
೙. 
Rule of mixture is adopted to describe the material behavior of the weld line. Equation 2 is used to determine the 
material properties of the weld line in the various combinations of the TWBs. 
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ܺௐ ൌ ஺ܺ௅ሺͲǤ͸ሻ ൅ ௌ்ܺாா௅ሺͲǤͶሻ         (2) 
where suffixes W, AL, STEEL stands for weld material, aluminium and steel, respectively. Due to insufficient 
temperature and time at the weld interface, steel diffuses slightly less in the weld nugget than aluminium; hence, a 
concentration of 40% for steel and 60% for aluminium was used in Eq. (2). Based on the rule of mixture, the 
material properties at the weld line was calculated (Table 1). 
 
Table 1  
Material Properties of blanks and weld used in the simulation 
 
The geometry of the tailor welded blank and the finite element mesh are shown in the Fig. 1. The forming tools 
consisted of a punch, two blank holder segments and a die. The arrangement is shown in Fig. 2. All are modelled by 
parametric surfaces of Bezier type and discretized with mixed finite elements. The thickness of the weld is taken as 
the thickness of the thicker of the two materials in all the TWB combinations. The friction conditions between 
different contact pairs differ in case of deep drawing of TWBs. The friction at the interface between different tool 
entities and the tailor-welded blanks was modelled by using Coulomb law with a different constant friction 
coefficient for each contact zone; the values are listed in Table 2. The drawing depth in all the cases was taken to be 
20mm. 
 
Fig. 1 TWBs geometry 
 
Material Property AA 6016 DP600 HSLA-340 Weld Property based on the rule of mixture 
AL-DP AL-HSLA 
E (GPa) 70 210 210 126 126 
଴ܻ(MPa) 127.9 330.3 365.3 208.86 222.86 
ߝ଴ 0.00418 0.00166 0.00942 0.00304 0.00957 
݊ 0.2210 0.187 0.131 0.2074 0.185 
ܭ(MPa) 429.1 1093 673 694.66 526.66 
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Table 2 Friction coefficients at the interface of various contact pairs 
Material Friction coefficient 
Blank holder Die Punch 
Aluminium 0.195 0.16 0.21 
Steels 0.200 0.18 0.23 
 
 
 
Fig. 2 Tools used in the finite element analysis 
3. Process parameters in deep drawing of Al-Steel tailor welded blanks 
Careful determination of process parameters needs to done in deep drawing of two different materials 
simultaneously, as in the case of Al–steel TWBs forming. It is important to note that these two materials have high 
differences in mechanical properties. The Young’s modulus of aluminium is almost one third of that of steels; hence 
the elastic recovery in aluminium is comparatively large than steels. One of the many issues that arise in the deep 
drawing of TWBs is concerned with the blank holder force. The blank holder force prevents wrinkling and tearing 
which are the two dominant modes of failure in sheet metal forming. Low blank holder force leads to wrinkling, 
while an excessive blank holder force can cause tearing. Hence, an optimal blank holder force is essential for any 
deep drawing process that can increase the draw depth and control springback(Obermeyer & Majlessi 1998). In the 
current investigation, the blank holder was split into two halves to apply different forces on both segments of the 
TWB. By this approach, the material flow is controlled based on the strength of the sheet segments in order not to 
cause wrinkling or tearing.  
A force of 5 kN was applied on the aluminium blank and 3 kN was applied on the steel blank. The blank holder 
force was maintained constant all through the deep drawing simulation. Thus, by utilizing different blank holder 
forces, the thickness distribution can be controlled in the Al–steel TWBs. The components thus produced can have 
immense applicability in automotive, aerospace and other industries. 
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4. Results and discussions 
4.1 Weld line displacement 
 
Due to material mismatch, the weld line shifts in the deep drawing of TWBs. In the cup section, the weld line moves 
towards the steel side because of the greater material flow in aluminium, whereas in the flange section, the weld line 
moves towards the aluminium side, as shown in the Fig. Large shifts are observed in the Al-DP combination as 
compared to Al-HSLA combination. Application of different blank holder forces on aluminium and steel segment 
controls the weld line movement. As can be observed from the Figs. 3 and 4, the weld line movement tends to 
increase as the thickness ratio is increased. This is because the material flow of thicker steel is less as compared to 
thinner one. 
 
 
 
Fig. 3 Weld line movements for Al-HSLA for three thickness ratios 
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Fig. 4 Weld line movements for Al-DP for three thickness ratios 
 
4.1 Thickness distribution 
 
Figs. 5, 6 and 7 illustrate the thickness variation along the diagonal for each of the thickness ratio. Excess 
deformation is observed at the flange midsections very close to the weld line as a consequence of the materials 
strength mismatch and differential material flow characteristics. This can be restricted by optimizing the TWB shape 
prior to deep drawing operation and/or by using draw beads. There is more material flow in the Al-HSLA 
combination as compared to Al-DP for all three thickness variations. The pattern of the thickness variation is same 
for all the cases. As the thickness ratio increases, the minimum value of thickness in the TWB also decreases. 
 
 
Fig. 5 Thickness variation for thickness ratio =1 
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Fig. 6 Thickness variation for thickness ratio=1.25 
 
 
Fig. 7 Thickness variation for thickness ratio= 1.5 
Conclusions 
In this study, simulations of deep drawing operation of Al- Steel TWBs with three different thickness combinations, 
1.0t*1.0t, 1.0t*1.25t and 1.0t*1.5t were done with an 80 mm*80 mm punch. It is clear from the simulations carried 
out that Al-Steel TWBs can be deep drawn. In all the combinations, aluminium being weaker as compared to steel is 
subjected to greater plastic deformation and hence there is weld line shift towards the steel side. Thickness ratio has 
an important effect on the extent of the weld line movement and it was found that the weld line shift increases as the 
thickness ratio is increased for both Al-HSLA and Al-DP. The magnitude of the weld line movement is more in Al-
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DP combination because of greater material flow in the aluminium side. The difference in the material flow rates of 
steel and aluminium can be compensated by using different blank holder force. Steel offered resistance to flow 
which is improved by using low blank holder force as compared to aluminium. It can be concluded from the 
thickness distribution that increasing the thickness ratio decreases the formability of the TWBs. The possibility of 
cracks in the TWB increases with the thickness ratio. In all the cases, uniform thickness distribution is observed. 
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